Abstract-The productivity or deliverability of a gas well is strongly influenced by additional pressure drop around the wellbore resulting from permeability damage, partial penetration/ completion and non-Darcy flow. Non-Darcy flow is mainly due to combination of high velocity around wellbore (turbulence effect) and convective acceleration of fluid particles when passing through pore spaces (inertial effect). Non-Darcy flow or turbulence is something which can't be removed because it occurs in gas reservoirs and hence, it needs to be dealt with. Direct assessment of turbulence can be obtained from multi-rate well test interpretation. In the current research work, effect of turbulence on gas well deliverability was analyzed analytically and validated through sensitivity analysis on well testing software.
I. INTRODUCTION
Mechanical damage, partial penetration/ completion and non-Darcy flow can create additional pressure drop around the wellbore and reduce the gas well deliverability and potential. Non-Darcy flow plays a key role in reducing productivity of a gas well. High gas velocity around the wellbore results in transition from laminar to turbulent flow. On the other hand, variation in tortuous pore sizes results in convective acceleration of fluid particles when they pass through pore spaces. Turbulence and inertial effects occur in gas reservoirs and mainly contribute to non-Darcy flow. Multi-rate deliverability test methods were developed for evaluating the productivity of a gas well in the last century. 
A. Rawlins and Schellhardt Equation
Rawlins and Schellhardt (1935) presented an empirical relation between gas flow rate and pressure which can be expressed as equation 1 [1] :
Performance coefficient 'C' and Exponent ' n' can be estimated from back-pressure plot as shown in Fig. 2 . "A" and "B" can be used for predicting future deliverability of well [2] .
represents pseudo-pressure drop due to laminar flow while represents pseudo-pressure drop due to inertial-turbulent flow effects [3] .
Plotting
gives straight line with a slope equals to "B" and y-intercept equals to "A" as shown in Fig. 3 . Analytical relations were also validated using simulations on well testing software.
A. Rawlins and Schellhardt Method Coefficients
Rawlins and Schellhardt equation [1] is given by equation 3: Another way to write equation 3 is: (10) Re-arranging equation 10 gives: (11) There is no direct relation of "C" and "n" w.r.t "D". Both values of "C" and "n" are affected by changing "D" and neither of them is constant. In a simple way, relation can be written as equation 12:
A base synthetic case was considered with actual reservoir and well properties. The scenario was constructed on the basis of actual well test data. Simulations were performed on well testing software and sensitivity analysis shows a general trend of "C" and "n" w.r.t. "D" as shown in Fig. 4 .
In Fig. 4 , value of exponent "n" decreases drastically from value near 1 (laminar flow) to value of 0.5 (turbulent flow) with increase in "D". Performance coefficient "C" increases with "D" during drastic decrease in value of "n" but afterwards it starts to decrease. 
D. Effect of Turbulence on Inflow Performance Relationship (IPR)
Inflow Performance Relationship (IPR) was developed using the simulated base case and then sensitivities of "D" were performed. Turbulence decreases the productivity of well so IPR shifts downward with increase in non-Darcy flow coefficient "D" as shown in Fig. 7 . "kh". Conversely, "D" is jointly dependent from turbulent exponent "n" and performance coefficient "C". Performance coefficient "C" increases at low values of non-Darcy flow coefficient "D" while it starts to decrease when "D" increases. Exponent "n" decreases as non-Darcy flow coefficient increases with a hyperbolic trend. Inflow Performance Relationship and Absolute Open Flow Potential decrease drastically with increase in turbulence.
ACKNOWLEDGMENT
Authors would like to acknowledge the support of Kappa Engineering for providing the software used in the research.
